As part of our studies on the regulation of polyamine biosynthesis in Saccharomyces cerevisiae, we have investigated the effect of spermidine on the degradation of ornithine decarboxylase in this organism. We have found that in S. cerevisiae, as in other eukaryotic cells, the rate of degradation of ornithine decarboxylase, measured either enzymatically or immunologically, is increased by the addition of spermidine to a yeast culture. It is noteworthy that this effect of added spermidine is found even when the experiments are conducted with strains in which the ornithine decarboxylase is overexpressed several hundred-fold more than the wild-type level. The effect of added spermidine in the overexpressed SPE1 strains is best seen in spe2 mutants in which the initial intracellular spermidine is very low or absent. Experiments with cycloheximide show that new protein synthesis is required to effect the breakdown of the ornithine decarboxylase. These results indicate that S. cerevisiae contains an antizyme-like mechanism for the control of the level of ornithine decarboxylase by spermidine, even though, as contrasted with other eukaryotic cells, no specific antizyme homologue has been detected either in in vitro experiments or in the S. cerevisiae genome.
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T he regulation of ornithine decarboxylase has been studied extensively in a variety of cells and has been shown to involve a very unusual regulatory mechanism. In this system, a specific and unusual protein, called antizyme, is synthesized in response to spermidine͞spermine administration. This protein not only inhibits ornithine decarboxylase but also is important in preparing the ornithine decarboxylase protein for degradation by proteasomes without ubiquitination (reviewed in refs. 1-3). A similar protein has been shown recently to be synthesized in Schizosaccharomyces pombe after the administration of spermidine (4, 5) . However, no direct evidence for the presence of an antizyme-like homologue has been demonstrated in Saccharomyces cerevisiae, despite numerous attempts by a number of investigators, nor has an antizyme homologue been found in the sequence of the S. cerevisiae genome (6) . In view of this difference, we have been interested in extending our studies on the factors involved in the regulation of ornithine decarboxylase by spermidine in S. cerevisiae, and, in particular, on the factors involved in the degradation of the enzyme, especially because in S. cerevisiae, regulation of the rate of degradation of ornithine decarboxylase seems to be more important than regulation of its biosynthesis (7, 8) .
Materials and Methods
Subcloning of the Yeast SPE1 Gene into a Yeast Constitutive Expression Vector. To obtain a yeast strain containing a larger amount of ornithine decarboxylase, the SPE1 gene was inserted into plasmid pVT101U obtained from T. Vernet (9) . For this construction, we digested the 2,955-bp fragment from pSPE1U (10) with SstI and HindIII (partial) and inserted the resultant fragment into the multicloning site of plasmid pVT101U. With this plasmid (pVT101U͞SPE1), the transcription of the SPE1 gene is driven by an alcohol dehydrogenase promoter, resulting in a 20-to 200-fold overexpression of ornithine decarboxylase ''constitutively'' (9). The resultant plasmid was used to transform S. cerevisiae strain BJ1991 and strain Y362 to give strains Y387 and Y465, respectively. We thank W. A. Fonzi for the pSPE1 plasmid that was used to construct the pSPE1U strain.
Culture Conditions. The strains used in these experiments are listed in Table 1 ; they were maintained on yeast extract-peptonedextrose or synthetic dextrose minimal medium (SD) medium (11) containing the necessary nutrients plus 10 Ϫ4 M spermidine. All incubations were at 30°C and were in polyamine-free SD medium, unless otherwise indicated.
For assays of ornithine decarboxylase in polyamine-deficient cells and for testing the effect of cycloheximide and͞or spermidine on these levels, it was first necessary to grow the strains on polyamine-free SD medium to decrease the levels of endogenous intracellular polyamines. For experiments with the spe2-4 strain (28-8D), 60 l of a fresh overnight yeast extract-peptonedextrose culture was added to 3 ml of SD medium, and the culture was grown overnight. This culture was then diluted to an OD at 600 nm of 0.05 and a volume of 300-400 ml. Growth was continued until the OD reached 0.3-0.4.
The culture conditions were somewhat different for the ⌬spe1⌬spe2 strain (Y465), because this strain cannot grow with no added spermidine. Therefore, this strain was grown for several days in SD medium containing 10 Ϫ9 M spermidine and was used when the OD at 600 nm reached 0.3-0.4.
Preparation of Cell Lysates. At each of the times indicated in Figs. 1-3, 50-100 ml of culture was harvested by centrifugation at 5,000 rpm for 10 min at 4°C. Each cell pellet was suspended in 0.8 ml of a yeast disruption buffer (20 mM Tris⅐HCl (pH 8.0)͞10 mM MgCl 2 ͞1 mM EDTA͞5% glycerol͞1 mM dithiothreitol (DTT)͞1 mM phenylmethylsulfonylfluoride). An equal volume of acid-washed ice-cold glass beads (diameter; 0.4-0.6 mm) was added. The tubes were shaken in a bead beater for 3 min at 4°C. The lysate was centrifuged, and the supernatant solution was collected; then 80 l of 0.01 M pyridoxal phosphate and 8 l of 0.1 M DTT were added to each extract.
Measurement of Ornithine Decarboxylase Activity and Protein Con-
centration. Ornithine decarboxylase activity was measured essentially as previously described (12) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
strain containing an overexpression plasmid containing the yeast SPE1 gene, coding ornithine decarboxylase (unpublished data). Antibodies against this protein were raised in rabbits by the Berkeley Antibody Company, Berkeley, CA. For the experiment presented in Fig. 2 , aliquots of the various cell lysates, containing equal amounts of protein, were applied to a 10% SDS polyacrylamide gel, transferred after electrophoresis onto poly(vinylidene difluoride) (Hybond-P, Amersham Pharmacia) membranes, and developed with the polyclonal antibody specific for ornithine decarboxylase. The antigen-antibody complex was visualized on photographic film after treatment with the Chemiluminescence ECL kit (horseradish peroxidase-labeled anti-rabbit antibody) from Amersham Pharmacia. The bands were quantitated on a scanner.
Results
Ornithine Decarboxylase Activity in Different Strains. Line 1 (Table  2) shows the ornithine decarboxylase activity in a SPE1 SPE2 strain (BJ1991). Line 2 shows that, as expected, a considerably higher level of ornithine decarboxylase was found in a spe2-4 mutant (28-8D). This strain has a normal SPE1 gene, but it contains no detectable spermidine or spermine because of a point mutation in the SPE2 gene that codes for S-adenosylmethionine decarboxylase. The spe2-4 deficiency is presumably not complete, because this strain still grows at a very slow rate even when completely deprived of added polyamines. A higher ornithine decarboxylase activity was found in a SPE1 SPE2 strain carrying a multicopy plasmid (pVT101U͞pSPE1) that contained the SPE1 gene downstream of an ADH1 (alcohol dehydrogenase) promoter (line 3). An even higher ornithine decarboxylase activity was found if the host for the plasmid had a deletion in the SPE2 gene (line 4). This strain (Y465) contains a large amount of putrescine but has no spermidine or spermine because of the absence of S-adenosylmethionine decarboxylase.
Decrease in Ornithine Decarboxylase Activity After Addition of Spermidine to the Cultures. As shown in Fig. 1 , the addition of 10 Ϫ4 M spermidine to the cultures causes a relatively rapid fall in the ornithine decarboxylase levels of the spe2-4 strain. This loss of ornithine decarboxylase activity was caused by a loss of the enzyme protein, as measured immunologically (Fig. 2) .
We also tested the effect of spermidine addition to a strain containing a multicopy plasmid because both Fonzi (7) and Toth and Coffino (8) reported that the degradation of ornithine decarboxylase in strains containing a multicopy plasmid is not affected by spermidine addition. Because the host for their experiments with a multicopy plasmid was SPE2 ϩ , we assumed that the intracellular spermidine concentration must have been high, and we felt it was not surprising that added spermidine had no additional effect. Therefore, we tested the effect of spermidine addition on the ornithine decarboxylase levels of our strains that contained the multicopy plasmid (pVT101U͞SPE1) in either SPE2 ϩ (Y387) or spe2 Ϫ backgrounds. The SPE2 ϩ strain would have a high intracellular spermidine content and, as shown in Fig. 3 , we found, as expected, that addition of exogenous spermidine to the SPE2 ϩ cells had no effect on the ornithine decarboxylase level. In contrast (Table 3) , when spermidine was added to the strain containing the multicopy plasmid in a spe2 Ϫ strain, there was a fall in the level of ornithine decarboxylase.
In addition, we show in Table 4 that the presence of 5 ϫ 10
Ϫ6
M or higher concentrations of spermidine in the growth medium of Y465 resulted in a considerable decrease in the ornithine decarboxylase level. In both sets of experiments, one would not expect the spermidine addition to affect the ADH1 promoter, and hence the effect observed was probably because of an effect on the degradation of the enzyme. Also, in both sets of experiments, it is not surprising that the loss of ornithine decarboxylase after spermidine addition was not complete, because any degradation of the enzyme would be continually offset by the synthesis of new enzyme.
Effect of Cycloheximide on the Level of Ornithine Decarboxylase. As shown in Fig. 1 , addition of cycloheximide had little effect on the level of ornithine decarboxylase if added to a culture of cells that had very low levels of spermidine because of a spe2 mutation. On the contrary, as shown in Fig. 3 , addition of cycloheximide to cells that have a high intracellular spermidine level caused a rapid loss of ornithine decarboxylase activity. The same dependence of the cycloheximide effect on the intracellular spermidine levels is shown in Table 4 , in which the effect of cycloheximide was measured in the cells grown at different concentrations of spermidine. Thus, cycloheximide had little effect on the ornithine decarboxylase activity of cells grown in 10 Ϫ8 M spermidine but caused a relatively rapid decrease when added to cultures grown in 5 ϫ 10 Ϫ4 M spermidine. These experiments are consistent with the postulation that cells with high levels of intracellular spermidine contain an already induced antizyme-like activity that results in a marked decrease in the levels of ornithine decarboxylase when new ornithine decarboxylase synthesis is inhibited by the addition of cycloheximide, and that such antizyme-like activity is not present in cells with low levels of intracellular spermidine. These experiments also are consistent with the postulation that administration of spermidine to polyamine-deficient cells induces the formation of such an antizyme-like protein, i.e., resulting in the degradation of the existing ornithine decarboxylase. (Fig. 1) . As mentioned above, the data in Fig. 1 show that added spermidine (''ϪCyh, ϩSpd'') results in a relatively rapid loss in ornithine decarboxylase activity. In contrast (''ϩCyh, ϩSpd''), added spermidine did not result in any decrease in ornithine decarboxylase activity if the cells had been pretreated with cycloheximide 30 min before the addition of spermidine. Indeed, the fall in enzyme activity was no greater than that found with cycloheximide alone (''ϩCyh, ϪSpd''). If the spermidine was added 30 min before the cycloheximide, the addition of the cycloheximide did not affect the fall in enzyme activity (data not shown).
Cycloheximide Pretreatment Prevents the Loss of Ornithine Decarboxylase Resulting from the Addition of Spermidine

Discussion
The regulation of ornithine decarboxylase in yeast is of special interest because of the many papers describing the rapid turnover of ornithine decarboxylase in mammalian cells. In the present studies, we have shown that the level of ornithine decarboxylase in yeast depends very much on the level of intracellular spermidine, supplied either exogenously or endogenously. spe2 mutants that contain little or no intracellular spermidine contain levels of ornithine decarboxylase 10 times greater than that found in a SPE2 ϩ strain. When a spe2⌬ strain Fig. 2 . Loss of ornithine decarboxylase activity after spermidine addition to a spe2-4 culture (strain 28-8D) is accompanied by a parallel loss in the amount of ornithine decarboxylase protein (measured immunologically). The conditions for this experiment were essentially the same as those used for the experiment presented in Fig. 1 ; namely, the culture was grown on a minimal SD medium, and 100 M spermidine (final concentration) was added at the position indicated as 0. The values for the ornithine decarboxylase protein represent the scanned values (in arbitrary units) for the Western blot analysis. bears a SPE1-containing plasmid under the control of an ADH1 promoter, the ornithine decarboxylase levels are 200-to 600-fold higher than the wild-type levels. Studies with the latter organism were of particular interest, because they showed that spermidine still had a regulatory effect even in the presence of a markedly increased level of the enzyme. This strain (Y465) has the added advantage that the SPE1 gene is under the control only of the ADH1 promoter, and this promoter would not be affected by any specific effect of spermidine added to the medium.
The time course of the loss of ornithine decarboxylase activity after the addition of spermidine to the culture indicates that the major control of the ornithine decarboxylase levels in these experiments is by degradation of the enzyme. The immunological experiments (ref. 8 and Fig. 2) show that both ornithine decarboxylase activity and the ornithine decarboxylase protein decrease after the addition of spermidine to the culture. The time course of these measurements shows that the activity and the amount of ornithine decarboxylase protein decrease at the same rate.
As shown in Fig. 1 and Table 4 in this paper and in ref. 14, the loss of ornithine decarboxylase that is induced by the addition of spermidine requires the synthesis of new protein, as it did not occur if cycloheximide had been added to the culture before the addition of spermidine. The latter observation could not have been because of an effect of cycloheximide on spermidine uptake, because in comparable studies, we have found (unpublished work) that cycloheximide at the concentrations used in these experiments does not interfere with the uptake of the spermidine for at least 1 hr. This observation that new protein synthesis is required for the degradation of ornithine decarboxylase strongly suggests that S. cerevisiae contains a system similar to that of the antizyme system described in other biological systems, i.e., that, in response to the spermidine addition, the cells synthesize some type of proteolytic system responsible for ornithine decarboxylase breakdown. The specific nature of this proteolytic system is probably different in detail from the usual antizyme system in view of the inability to demonstrate antizyme activity in vitro and the lack of any homologous sequences in S. cerevisiae. Although proteasomes are probably involved in the overall degradation (8, 15, 16) , our studies do not address the specific role of the proteasomes in the response to spermidine administration. 
